Aim: This study describes the ocular pharmacokinetics of linezolid, an antibiotic with broad spectrum activity against those Gram positive bacteria that are the most frequent cause of postoperative endophthalmitis. Method: Patients undergoing routine cataract surgery were given a single oral 600 mg dose of linezolid at a variable time before surgery. Aqueous and serum levels of linezolid were assayed by high performance liquid chromatography, and a pharmacokinetic curve constructed from the pooled results. Results: Orally administered linezolid rapidly achieves levels in the aqueous of non-inflamed eyes that exceed the concentration required to kill Gram positive bacteria (maximum mean concentration 6.8 (SD 1.2) mg/ml at 2-4 hours post-dose). An effective concentration is maintained for at least 12 hours, the standard interdose interval for this antimicrobial. Conclusion: Linezolid offers the possibility of a rapid, oral approach to effective treatment of most cases of postoperative endophthalmitis, with the potential of improving visual outcome. P ostoperative endophthalmitis (POE) is an infrequent but sight threatening complication of intraocular surgery. [1] [2] [3] It is most frequently the result of infection with Gram positive bacteria, in particular coagulase negative staphylococci. 2 4 The main antibiotic therapy of POE is intraocular inoculation of antibiotics, usually vancomycin and either amikacin or ceftazidime. 5 6 Direct intraocular injection is necessary because antibiotic penetration into the eye from the blood stream is restricted by the blood-ocular barrier. The few antibiotics that may achieve therapeutic concentrations in the aqueous and vitreous following systemic administration have mostly Gram negative activity, and cannot reliably treat the Gram positive organisms most frequently implicated in POE. The visual outcome of POE is often poor, despite early aggressive treatment. 6 An antibiotic with broad spectrum Gram positive activity, which reaches therapeutic concentrations in the eye following intravenous or oral administration, may offer an advance in the early treatment of endophthalmitis, and could result in improved visual outcome.
Linezolid (Pfizer, UK) is the first licensed representative of a new class of antibiotics, the oxazolidinones. 7 Its spectrum of activity is primarily against Gram positive bacteria, including both methicillin sensitive and resistant staphylococci, enterococci, and Streptococcus pneumoniae. Minimal inhibitory concentration (MIC) values of linezolid against these organisms lie in the range of 1-4 mg/ml. 8 Linezolid can be administered either orally, with 100% bioavailability, or intravenously and produces peak serum levels of approximately 18 mg/ml after repeated oral doses of 625 mg. In animal studies linezolid reaches concentrations in the eye which are 40% of serum levels. In human volunteers maximum concentrations of linezolid in cerebrospinal fluid are 70% of serum levels. 7 These levels are achieved across a non-inflamed blood-brain barrier, a structure that shares features with the blood-ocular barrier. These findings suggest that linezolid may reach clinically relevant levels in the aqueous and vitreous humours when given either orally or intravenously, and could be a significant advance in the antibiotic therapy of Gram positive endophthalmitis.
Pharmacokinetic studies of ocular antibiotic levels in human cases of endophthalmitis are difficult to perform because of the irregularity and infrequency of presentation of endophthalmitis. Animal models have been used as surrogate representations but give limited information. An alternative approach is to measure antibiotic levels in patients undergoing elective ophthalmic procedures, albeit that generally these patients have non-inflamed eyes and consequently an intact blood-ocular barrier. These patients are likely to represent a worst case scenario in terms of antibiotic penetration into the eye, and are a rigorous test of eye antibiotic levels. This study examines the penetration of linezolid into aqueous humour of patients with non-inflamed eyes undergoing elective cataract surgery and compares it with simultaneous serum levels.
METHOD
Patients undergoing elective cataract surgery were enrolled in the study. They were given a single oral dose of 600 mg linezolid at a time between 30 minutes and 14 hours before the operation. Otherwise, preparation for surgery proceeded as normal. At the start of surgery a paracentesis was made and 100 ml of aqueous humour collected. At the same time 5 ml of venous blood was taken. The interval between dosing and sample collection was calculated. Serum was separated from the blood sample, and both the aqueous fluid and the serum stored at 270˚C. Assays for linezolid were performed by the antibiotic assay laboratory, Southmead Hospital, Bristol, by high performance liquid chromatography (HPLC) 9 without knowledge of the dose sample interval. Preliminary tests demonstrated that the risk of false positives by carryover between specimens was negligible. Pharmacokinetic curves were constructed by combining the assay results of individual patients.
This study was approved by University Hospitals of Leicester medical research ethics committee. Patients gave written consent following verbal and written explanation of the purpose, nature, and possible side effects of this study. Patients with known hypersensitivities to linezolid or any excipients of the study drug were excluded. Other exclusion criteria were known abnormal hepatic or renal function, treatment with any drug that inhibits monoamine oxidases A or B within the previous 2 weeks, or serotonin reuptake inhibitors, tricyclic antidepressants, directly and indirectly acting sympathomimetic agents, vasopressive agents, dopaminergic agents, pethidine, or buspirone. Patients with uncontrolled hypertension, phaeochromocytoma, carcinoid, thyrotoxicosis, bipolar depression, schizoaffective disorder, acute confusional states, or a history of linezolid use in the week before surgery were also excluded.
RESULTS
Thirty four patients, aged 50-93 years (50% female) were recruited. The results are given in figure 1 . No adverse effects were recorded. Numbers of patients in the time periods were 0-1 hours, seven; 1-2 hours, 12; 2-4 hours, four; 4-8 hours, two, and 8-16 hours, seven.
The penetration of linezolid into aqueous humour was rapid, reaching a mean of 3.4 (1.9) mg/ml within 1 hour after administration and a maximum concentration (C max ) of 6.8 (1.2) mg/ml at 2-4 hours. Thereafter, concentrations fell to 3.9 (1.6) mg/ml at 4-8 hours and 2.9 (2.1) mg/ml by 8-16 hours.
DISCUSSION
We have characterised the penetration profile of linezolid into the aqueous humour of non-inflamed human eyes after a single oral dose and compared this with simultaneous measurements of plasma concentration. The results indicate that concentrations of linezolid sufficient to have antimicrobial activity against the vast majority of organisms causing POE are achieved within 60 minutes of oral administration of a standard single dose of 600 mg. The linezolid concentrations remain above the MIC for most Gram positive bacteria for at least 12 hours, the usual interdose interval. The only major exception are those enterococci with an MIC of 4 mg/ml, but these are responsible for only a small proportion of infections. 4 Concentrations of 4 mg/ml were exceeded in the 2-4 hour interval.
Linezolid exhibits time dependent antimicrobial activity 10 -that is, clinical effectiveness is determined by the proportion of time between doses that the concentration of linezolid at the site of infection exceeds the MIC. Our study indicates that for most Gram positive infections, this proportion approaches 100% in the aqueous humour after a single dose.
Our findings are supported by those of Garcia Vazquez et al, 11 who reported aqueous concentrations of linezolid of 4.9 mg/ml at 1 hour following a 600 mg intravenous dose, rising to 5.2 mg/ml at 135-270 minutes post-dose. Fiscella et al 12 found that aqueous concentrations exceeded 6 mg/ml in the first 2 hours after a second 600 mg oral dose. However, neither of these studies had a sample regimen that extended over the full dose interval. In our study we have been able to show that the good concentrations seen by Garcia Vazquez and Fiscella in the first 4 hours after dosing are continued throughout the whole dose interval. Our results were from non-inflamed eyes. The pharmacokinetics of drug movement across the blood-ocular barrier is complicated. Inflammation may increase penetration and, if this were the case for linezolid, our results would represent the lower end of the concentration range to be found in infected eyes.
We have shown good penetration of linezolid into the aqueous, but as POE also involves vitreal infection further work is necessary to establish the clinical value of the drug in this situation. Set against the potential benefit of an effective antibiotic in a sight threatening condition is the risk of the emergence of linezolid resistance. However, endophthalmitis is rare and unlikely to be a major contributor to drug resistance on a global scale. 
